Enumeration of small groups of four or fewer objects is very fast and accurate (often called "subitizing"), but gets slower and more error prone for more than four items ("counting"). Many theories have been proposed to account for this dichotomy, most suggesting that "subitizing" and "counting" are two qualitatively different and separable processes. Others, in contrast, have proposed that the two operations reflect two different levels along a continuum of complexity. In this paper we present a PET study that attempts to characterize subitizing and counting at a neural level in order to investigate whether they are implemented as separate or functionally overlapping processes. Subjects performed an enumeration task on visual arrays of dots that varied in numerosity (1-4 and 6 -9 dots) and spatial arrangement (canonical and random). The results demonstrated a common network for subitizing and counting that comprises extrastriate middle occipital and intraparietal areas. The intensity and spatial extent of this network were modulated by the number of dots and their spatial arrangement: activation increased as the number of items in the visual array increased, reaching maximum peak and extent for counting 6 -9 randomly arranged items. Direct comparison between subitizing and counting showed that counting, relative to subitizing, was correlated with increased activity in this occipitoparietal network, while subitizing did not show areas of increased activation with respect to counting. Results speak against the idea of the two processes being implemented in separable neural systems. © 2002 Elsevier Science
INTRODUCTION
Visual object enumeration is very rapid and accurate for four or fewer items, but slow and error prone for over four items. Many theories have been proposed to account for this dichotomy, most suggesting that "subitizing" (the ability to enumerate a small group of four or fewer objects fast and accurately) and "counting" (the error prone and slow process of serially counting more than five objects) are two processes of a radically different cognitive and neural nature (Kaufman et al., 1949; Mandler and Shebo, 1982; Trick and Pylyshyn, 1993; Peterson and Simon, 2000) . A very different position on the issue of the separability of the two processes is taken by those who propose that the two operations are not different in nature, but simply reflect two different levels along a continuum of difficulty Ashby, 1991, 1992) . To date, the question of separability of the two processes, both at the cognitive and at the neural level, remains open.
In this paper, we first review previous studies of enumeration processes, and then we present a functional imaging study that attempts to address unanswered questions. In particular, the aim of this study was to characterize enumeration and counting at a neural level in order to investigate whether they are implemented as separate or functionally overlapping processes.
Suggestions that the processes underlying subitizing and counting are different in nature come from both behavioral and neuropsychological studies. The earliest source of evidence for the existence of two separate processes comes from latencies of enumeration as a function of the numerosity: typical findings show that enumeration time increases slowly from one to three to four items (50 -80 ms/item) and then starts increasing sharply and linearly (by about 200 ms/item) (Akin and Chase, 1978; Mandler and Shebo, 1982; Trick and Pylyshyn, 1993; Simon et al., 1998) . Mandler and Shebo's (1982) explanation for the low reaction times (RTs) in the subitizing range (1-4) was that the dots in the displays always form a familiar shape: a line from two dots, a triangle from three dots, and a quadrilateral from four dots. Subitizing may therefore consist of the recognition of a familiar pattern and therefore rely on a separate mechanism that is not involved in counting. Another theory of the subitizing-counting dichotomy has been proposed by Trick and Pylyshyn (1993) . According to these authors subitizing is based on a limited capacity preattentive visual process that is capable of individuating a maximum of four items in parallel, while counting requires serial shifts in spatial attention. Along the same line, others have suggested that the discontinuity in enumeration performance reflects a capacity-limited short-term memory system (Cowan, 2001) .
Behavioral data also show that counting, but not subitizing, requires both ocular movements to locate and mark objects (or groups of objects) in space (Atkinson et al., 1976a,b; Klahr and Wallace, 1976; Oyama et al., 1981; Simon and Vaishnavi, 1996) , and verbal working memory, specifically the subvocalization component (Logie and Baddeley, 1987) . Moreover, counting is influenced by the spatial arrangement of objects (facilitated by perceptual groupability of items and by the geometry of the array) while subitizing is not (Atkinson et al., 1976a,b; Mandler and Shebo, 1982; van Oeffelen and Vos, 1983) .
Nevertheless, although behavioral data show a set of experimental manipulations that affect counting but not subitizing, the only experimental manipulation that has been shown to affect subitizing but not counting is one that prevents perceptual "pop-out" of the targets to be enumerated. Typically this is affected by using targets that differ from distractors by a combination of two features (as used in displays for conjunction search). With this manipulation, enumeration RTs increase linearly, with no apparent discontinuity, suggesting that under those conditions subitizing is prevented, and one only mechanism (serial counting) is deployed. This is the evidence that made Trick and Pylyshyn conclude that subitizing is based on the preattentive ability to apprehend up to four items in parallel (by means of assigning four attentional indexes in parallel, which they call FINST, as for Fingers of INSTantiation) Pylyshyn, 1993, 1994) . Even if this account is seductive in its simplicity, as a parallel model of subitizing it remains problematic, since it cannot accommodate the fact that RTs increase even in the subitizing range. In fact they attribute the subitizing slope to a response choice stage. They claim this stage consists in matching each FINSTed items with number names in a serial fashion. Therefore, there is still the possibility that subitizing and counting simply reflect two different levels along a continuum of difficulty. This point has been made by Balakrhisnan and Ashby (1991, 1992) , who analyzed a large set of behavioral enumeration data with refined statistical tests and showed no statistical evidence of discontinuity in the reaction times between subitizing and counting. In contrast, their analysis showed that the "mental effort" (measured in terms of RTs) required to enumerate increased with each additional element in the display, both within and beyond the putative subitizing range. Neuropsychological data are thus particularly valuable: the presence of a double dissociation between counting and subitizing in brain-damaged patients would be strong evidence for the existence of two distinct processes, even if the two processes could, in principle, be working in complete synergy in normal adults (Shallice, 1988) . However, the evidence for a double dissociation is unconvincing. One dissociation is revealed in a study of a group of patients with simultanagnosia (following lesions to the right parietal hemisphere). These patients showed intact subitizing (even if in some cases the subitizing range was limited to two items) but impaired counting (Dehaene, 1994) . In the opposite direction two cases have been reported, but they do not present compelling evidence for the impaired subitizing vs intact counting dissociation. One patient, a developmental dyscalculic, Charles, when presented with sets of dots for unlimited time, was able to count to arbitrary limits, but showed an increasing monotonic function of 200 ms per dot from a single dot, suggesting that he was counting even in the normal subitizing range (Butterworth, 1999) . Nevertheless, recent investigations on this patient showed that, when dots were presented very briefly (100 ms), his reaction time slope showed the typical discontinuous pattern around four (while he remained overall slower than normal controls) (M. Piazza and B. Butterworth, unpublished) . This result suggests that this patient had a problem of lack of self-confidence in such enumeration task that led him to adopt a slow counting strategy even in the subitizing range. This was probably a consequence of his weakness in the domain of number cognition, more than a truly impaired subitizing mechanism. The other case was a patient with severe acquired acalculia who could not, on command, say how many dots were in an array unless she was permitted to count them aloud and use finger pointing (Cipolotti et al., 1991) . However, in this study, the investigators were not able to use computer-controlled presentation of dots, and the patient's counting limit was four, since she could not recall numbers above 4. These data are not conclusive with respect to the dissociability of subitizing and counting processes. Other neuropsychological data suggest that subitizing does not depend on awareness of an object's locality in egocentric space. For instance, three patients with neglect (following a lesion in the right parietal lobe) were able to report the total number of objects presented but showed extinction (the inability to consciously perceive objects in the contralesional space when the ipsilesional space is concurrently stimulated) when the task was to locate the same objects in space (Vuilleumier and Rafal, 1999) . This study only showed a number of objects in the subitizing range (up to four), and therefore the relation between the awareness of object's location in space and counting remains unclear. Overall, the neuropsychological literature suggests a crucial role for parietal areas in controlling voluntary shifts of attention that may also be required for counting. However, it does not provide a very good characterization of the neural substrates of subitizing and counting. Functional brain imaging may be able to fill this gap.
To date there are two functional imaging studies (using PET and fMRI) that examine enumeration processes (Sathian et al., 1999; Fink et al., 2001) . Sathian et al. (1999) investigated the subitizing-counting dichotomy in light of the preattentive-attentive mechanisms first proposed by Pylyshyn (1993, 1994) . These investigators presented subjects with a visual search type of display, consisting of 16 bars, containing 1 (pop-out), 1-4 (subitizing), and 6 -9 (counting) vertical bars in a variable number of horizontal bars. The task consisted of counting vertical bars. The results showed that counting, relative to subitizing, activated a widespread network of brain regions comprising bilateral middle occipital and superior parietal and right frontal regions. On the other hand, subitizing, relative to single target detection, activated foci only in the middle occipital extrastriate cortex. This was interpreted as supporting the idea that subitizing is a preattentive process, while counting is a serial process that involves shifting visual attention. However, interpretation of the results is not straightforward for three reasons: first, counting and visual search operations were confounded, because the type of search paradigm used explicitly forced subjects to make serial search through the set in order to single out the relevant elements, and therefore the brain activation found in the counting range could be attributed to the visual search operations rather than to a counting process itself. Second, since the total number of elements in the display was constant (16), the ratio between targets and distractors increased with the number of targets to be counted. This means that the probability that one vertical item (target) was surrounded by horizontal items (distractors) was much higher in the subitizing range than in the counting range. Therefore, the perceptual salience of the targets was not matched in the subitizing (1-4) and counting (6 -9) conditions, and so the attentive effort to isolate targets from the background may have led to brain activation that could not be strictly related to enumeration processes. Finally, the rate and duration of presentation varied between the subitizing and the counting conditions, because the display remained on the screen until the subjects gave their answer. This may have created artifacts (Price and Friston, 1997) .
In the other neuroimaging study of numerosity (Fink et al., 2001) , subjects were presented with visual arrays of 3 to 5 dots on which they performed two types of matching tasks: a numerosity matching task comparing the numerosity of the array to 4 and a shape matching task comparing the shape of the array to a square. Results show that shape matching activated temporoparietal, cingulate, and dorsolateral prefrontal cortices, relative to numerosity matching, while the reverse contrast (numerosity vs shape), revealed striate, extrastriate, and inferior frontal activations. The author's interpretation is again in favor of the numerosity task relying on preattentional parallel processing. However, although this study is interesting, it is not really tapping into enumeration strategies. In fact, it is clear that a matching task can in principle be performed on the basis of information that is perceptual rather than numerical. Subjects could have deployed strategies such as matching the sets in terms of brightness, density, and occupancy, which were not controlled in the display. This would explain the higher involvement of visual areas and no involvement of parietal areas for the numerical task with respect to the shape task. Also, it does not contribute to the debate we are directly interested in, about whether subitizing and counting are separable. Therefore, the issue of separability requires further investigation.
The current experiment makes use of PET to investigate the question of separability of subitizing and counting processes and to investigate further the neural basis of enumeration processes in general. It also attempts to investigate the validity of one specific model to account for subitizing that links subitizing to pattern recognition (Mandler and Shebo, 1982) . If the two processes are separable, they may rely on two distinct neural systems. If a pattern recognition is involved in subitizing, it should activate brain areas typically found in object recognition (i.e., occipitotemporal and fusiform areas) (Ungerleider and Minshkin, 1982; Moore and Price, 1999; Malack et al., 1995 , GrillSpector et al., 1998 , while counting should involve a wider network that may not involve strong activation of the areas related to subitizing.
To ensure that the outcomes could be interpreted straightforwardly in terms of the normal behavioral results, the stimuli used were those standardly used in enumeration tasks-black dots on a white background.
METHODS

Subjects
Nine right-handed English-speaking male volunteers (mean age 29 years, range 22-45 years) with no history of neurological disorders gave informed consent to participate in 12 consecutive measurements of rCBF using PET. One subject suffered cramps during the acquisition of the 7th scan, and only 6 scans (of 12) were included in the analysis. The study was approved by the local hospital ethics committee and the Administration of Radioactive Substances Advisory Committee (UK) (ARSAC).
Design and Task
The experiment comprised a 2 ϫ 2 factorial design with two baseline conditions. The variables manipulated were: (i) numerosity of dots that had two levelssubitizing range (1-4 dots) and counting range (6 -9 dots); and (ii) spatial arrangement of dots that had two levels-canonical and random. For canonical arrangements, an easily recognizable and geometrical arrangement of dots was assigned to each numerosity, while for random arrangement, a sparse distribution of dots was assigned to each numerosity (see Fig. 1 ). The task was to say aloud, as quickly and accurately as possible, the number of dots presented. Responses were recorded using a microphone and used to measure RTs and accuracy.
The baseline conditions comprised one baseline for the subitizing range and one for the counting range. The former consisted of the presentation of one single dot, to which subjects were asked to respond with the word "one." The latter consisted of a combination of two different scans: in the first the stimulus always consisted of the same display of six dots, and the subjects were asked to simply respond with the word "six" without performing any counting; in the second baseline scan the stimulus was always a display of nine dots, and subjects were instructed to respond with the word "nine" without counting. These baseline conditions were included in order to control for the visual stimulation on the two numerosity ranges (1-4 and 6 -9) and for verbal production and auditory processing, even though the visual stimulation was not completely controlled in the case of the 1-4 range. Instructions were given prior to each scan.
Stimuli and Procedures
Stimuli in all conditions consisted of black dots (0.36°) on a white background, arranged on a virtual 32-space matrix that subtended a visual angle of 2°a nd were presented at the center of a 13-in. video monitor of a Macintosh computer 7200/90. For each subject, 12 scans were acquired, 8 for the experimental tasks and 4 for the baseline tasks in a pseudorandom order.
During each scan, 32 different stimuli were presented for 2500 ms each, at a rate of one every 4 s, preceded by a fixation point that lasted for 500 ms and followed by 1000 ms of blank screen. Within each experimental scan, the same stimulus was presented four times. Therefore, within the experiment, random and canonical conditions were controlled within subjects so that any repetition priming effects would be equivalent in each condition. In order to facilitate a pattern recognition strategy for the canonical arrangement of dots, the subjects were familiarized with the canonical patterns being presented with each numerosity four times prior to the scanning session. In order not to trivialize the task, but also to maximize occurrence of crucial trials for each scan (Corbetta et al., 1993) , we manipulated the probability of occurrence of each stimulus within each experimental scan. During the 45 s of data acquisition period, the probability of appearance of the crucial stimuli (e.g., 1-4 dots for the subitizing range condition) was 100%, but decreased to 30% in the period preceding and following it. Noncrucial stimuli (e.g., 6 -9 dots for the subitizing range condition) were randomly chosen from the other noncrucial conditions. For the baseline conditions, no noncrucial trial was presented and therefore the probability of occurrence of the crucial stimuli was 100% through the whole scan.
PET Scanning
The 12 PET scans were obtained using a Siemens/ CPS ECAT EXACT HRϩ (Model 962) PET scanner (Siemens/CTI, Knoxville, TN). Participants received a 20-s intravenous bolus of H 2 15 O at a concentration of 55 Mbq ml Ϫ1 and at a flow rate of 10 ml min Ϯ1 through a forearm cannula. Images were reconstructed by filtered back projection into a 128 ϫ 128 ϫ 63 image matrix (voxel size 2.1 ϫ 2.1 ϫ 2.4 mm) using measured attenuation correction. For each subject, a T1-weighted structural magnetic resonance (MR) image was obtained with a 2-T Magnetom Vision scanner (Siemens, Erlangen, Germany). 
Data Analysis
The data were analyzed with statistical parametric mapping (SPM99; Wellcome Department of Cognitive Neurology, London, UK; http://www.fil.ion.ucl.ac.uk/ spm) implemented in Matlab (Mathworks Inc., Sherbon, MA) using standardized procedures (Friston, 1995a,b) . Head movements that occurred between scans were corrected by realigning the time series with the first scan. The realigned images were normalized into a standard stereotaxic space (Talairach and Tournoux, 1988) to allow for intersubject averaging and then smoothed using a Gaussian filter (full-width at half-maximum) of 16 ϫ 16 ϫ 16 mm to accommodate intersubject differences in anatomy and to increase signal-to-noise ratio. Conditions were estimated in a fixed effect fashion according to the general linear model at each voxel. In this experiment, we were interested in the effects of quantifying a set of dots compared to a low-level baseline and in the effect of number of dots (subitizing range (1-4) vs counting range (6 -9) and in the effects of arrangement (canonical vs random) that were specific or common to the two numerosities (1-4 and 6 -9). The contrasts were as follows:
Main Effects
Effect of Task: The Quantification System
Areas more activated during a quantification task (enumeration), irrespective of numerosity and arrangement of dots, were identified with a contrast of all the experimental conditions (1-4 canonically arranged dots, 6 -9 canonically arranged dots, 1-4 randomly arranged dots, 6 -9 randomly arranged dots) versus the baselines conditions (a single dot, and 6 dots, or 9 dots). In these areas, we report Z values for all the simple effects separately.
Effects of Numerosity on Quantification
Activation for enumerating 6 -9 dots versus 1-4 dots, irrespective of arrangement. Areas more activate for enumerating 6 -9 dots irrespective of arrangement were identified with a conjunction (Price and Friston, 1997) of two contrasts: 6 -9 randomly arranged dots Ͼ1-4 randomly arranged dots and 6 -9 canonically arranged dots Ͼ1-4 canonically arranged dots. In addition, to control for visual input, we used the inclusive masking option in SPM to mask the conjunction with contrasts 6 --9 random Ͼ6 -9 baseline and 6 -9 canonical Ͼ6 -9 baseline.
Activation for enumerating 1-4 dots versus 6 -9 dots, irrespective of arrangement. The same procedure was used to identify areas more activate in enumerating 1-4 dots than 6 -9 dots, irrespective of arrangement. Contrasts 1-4 random Ͼ 6 -9 random and 1-4 canonical Ͼ 6 -9 canonical were combined using conjunction analysis masking with contrasts (1-4 random Ͼ 1-4 baseline) and (1-4 canonical Ͼ 1-4 baseline).
Effects of Spatial Arrangement on Quantification
Activation for canonical versus random arrangement, irrespective of numerosity. Areas more active in the canonical arrangement irrespective of numerosity were identified with a conjunction of contrasts (1-4 canonical Ͼ 1-4 random) and (6 -9 canonical Ͼ 6 -9 random). In addition, to ensure that the areas identified corresponded to an increase in activity in the quantification tasks rather than a decrease in activity for the baseline conditions, we excluded any regions that were not more active for canonical than the baseline (P Ͻ 0.01). This was achieved using the inclusive masking option in SPM and masking the conjunction with contrasts 1-4 canonical Ͼ 1-4 baseline and 6 -9 canonical Ͼ 6 -9 baseline.
Activation for random versus canonical arrangement, irrespective of numerosity. The same procedure was used to identify areas more activate for the random arrangement than the canonical irrespective of number of dots. Contrasts 1-4 random Ͼ 1-4 canonical and 6 -9 random Ͼ 6 -9 canonical were combined using the conjunction analysis and the result was masked with contrasts 1-4 random Ͼ 1-4 baseline and 6 -9 random Ͼ 6 -9 baseline.
Specific Effect
Effects Specific for 6 -9 Dots Randomly Arranged (Counting)
The inclusive masking option was used to identify the areas that were more active for 6 -9 randomly arranged relative to 6 -9 canonical (at P Ͻ 0.05 corrected), masked (at P Ͻ 0.001 uncorrected) with 6 -9 randomly arranged relative to (i) 6 -9 baseline; (ii) 1-4 random; and (iii) the numerosity by arrangement interaction.
Effects Specific for 6 -9 Dots Canonically Arranged
Six to 9 canonically arranged were contrasted with 6 -9 randomly arranged (at P Ͻ 0.05 corrected) and masked (at P Ͻ 0.001 uncorrected) with 6 -9 canonically arranged relative to (i) 6 -9 baseline; (ii) 1-4 canonical; and (iii) the numerosity by arrangement interaction.
Effects Specific for 1-4 Dots Randomly Arranged
One to 4 randomly arranged relative to 1-4 canonical (at P Ͻ 0.05 corrected) was masked (at P Ͻ 0.001 uncorrected) with 1-4 randomly arranged relative to (i) 1-4 baseline; (ii) 1-4 canonical; and (iii) the numerosity by arrangement interaction.
Effects Specific for 1-4 Dots Canonically Arranged
One to 4 canonically arranged relative to 1-4 random (at P Ͻ 0.05 corrected) was masked (at P Ͻ 0.001 uncorrected) with 1-4 canonically arranged relative to (i) 1-4 baseline; (ii) 1-4 random; and (iii) the numerosity by arrangement interaction.
For each of the above effects we discuss activation that reached significance at P Ͻ 0.05 corrected for multiple comparisons. A level of significance of P Ͻ 0.001 will be accepted for the discussion only for specific regions of interest defined by previous neuroimaging and neuropsychological data. The a priori areas of interest were parietal regions that have previously been activated in neuroimaging studies of shifts of attention in space and of attentional modulation of visual inputs. Interestingly, the same regions have been shown to play a crucial role in the manipulation of numbers (typically in number comparison and calculation) both in imaging and in neuropsychological studies (Cipolotti et al., 1991; Cohen, 1994, 1995; Dehaene et al., 1998; Thioux et al., 1999; Vuilleumier and Rafal, 1999; Rickard et al., 2000; Pesenti et al., 2000) . A second region of interest is extrastriate occipitotemporal cortex that has previously been activated in studies of pattern recognition and naming (Kanwisher et al., 1996; Rolls and Booth, 1998; Moore and Price, 1999; Murtha et al., 1999) and may be one of the areas in which activity is strongly influenced by top-down attentional modulatory input from parietal cortex (Friston and Bù chel, 2000; Chawla et al., 1999) .
RESULTS
Behavioral Data
Overall, accuracy of performance was close to 100% for all four conditions, and therefore no further analysis of errors was performed. Figure 2 shows RTs as a function of number of dots and of arrangement. Subjects showed the expected subitizing-counting performance with the random arrangement, resulting in the discontinuity of the slopes in the subitizing range and in the counting range. The drop in RTs for nine dots was interpreted as due to a "guessing end effect" (Sathian et al., 1999; Simon et al., 1998) and therefore was excluded from further behavioral analysis. Slopes for the canonical arrangement were approximately 8 ms for the subitizing range and 13 ms for the counting range. For the random arrangement, they were 20 ms per item for the subitizing range and 105 ms per item for the counting range. This last value was lower than usually found in counting experiments (see Trick and Pylyshyn, 1993 , for a review), probably because each random pattern was repeated throughout the experiment, leading subjects to "within experiment learning." Nevertheless, the RT data indicate the effect of subitizing and counting range for the random arrangement. The behavioral data also show that subjects were better at quantifying the sets with a canonical spatial arrangement in the counting range. This facilitation of the canonical arrangement over the random arrangement did not appear in the subitizing range. This is in agreement with what has previously been observed (Mandler and Shebo, 1982; Dehaene and Cohen, 1994 ). These effects were tested by entering reaction times on correct trials only into a 2 ϫ 2 repeated measure analysis of variance, with number of dots [subitizing range (1-4 dots) and counting range (6 -9 dots)] and spatial arrangement of dots (canonical and random) as between subject factors. The analysis showed a significant main effect of number of dots [F(1,8) 
Neuroimaging Data
Main Effects
Effect of task: The quantification system (see Table 1) . At a corrected level of significance, when subjects performed a quantification task, areas of enhanced brain activity were found in the middle/inferior occipital extrastriate cortex bilaterally, in the posterior bank of the right intraparietal sulcus, and in the midbrain. Decomposition of the main effect of task into simple effects for each condition relative to baseline showed that the significance of the main effect of task is modulated by the number of dots: it increases as the numerosity increases. Individual contrasts relative to baseline show that the activation both in extrastriate and in parietal areas is more significant for 6 -9 dots than 1-4 dots irrespective of arrangement (see effect of numerosity below). At an uncorrected level, activation was also found in the left intraparietal sulcus, which was an a priori region of interest, in the right middle frontal gyrus, and in the left cerebellar hemisphere.
Effects of numerosity on quantification (see Table 2 ). Activation for enumerating 6 -9 dots versus 1-4 dots, irrespective of arrangement: At a corrected level of significance, activation in the middle/inferior occipital extrastriate cortex bilaterally was enhanced for enumerating 6 -9 dots compared with 1-4 dots, irrespective of spatial arrangement.
At an uncorrected level, there was also enhanced activation in the left posterior intraparietal sulcus and the right cerebellum. Only the former was an a priori region of interest.
Activation for enumerating 1-4 dots versus 6 -9 dots, irrespective of arrangement:
There were no brain regions that were more active for enumerating 1-4 dots than 6 -9 dots.
Effects of spatial arrangement on quantification. Irrespective of numerosity, there were no areas that were more active for either random or canonical arrangements.
Specific Effect
The only specific effects were observed for (a) 6 -9 dots randomly arranged (counting) which, relative to all the other conditions, enhanced activation in the left middle-inferior occipital areas and right superior parietal cortex (see Table 3 ).
There were no effects specific for (b) 6 -9 dots canonically; (c) 1-4 dots randomly arranged; or (d) 1-4 dots canonically arranged.
DISCUSSION
This study tested two main hypotheses:
1. That counting and subitizing are dissociable at the neural level; and 2. That quantifying familiar patterns of dots (canonically arranged arrays) relies on neural circuits linked to pattern recognition.
1. In relation to the dissociability of brain areas underlying counting and subitizing we found little evidence for subitizing or counting specific regions de- Note. Regions that show increased activation during quantification tasks for all numerosities and arrangements relative to the baseline tasks and relative Z scores. Can, canonical arrangement; Ran, random arrangement. In bold type, Z scores corrected for multiple comparisons, at P Ͻ 0.05, and related regions. In the column "other effects" regions that show increased activation as the number of dots increases, irrespective of arrangement (N), and regions that showed increased activation specifically in counting 6 -9 randomly arranged dots (C) are indicated.
a Areas that are affected by other variables: N, numerosity; C, counting. b This cluster is included in the right middle occipital one.
spite 18 scans per condition (9 subjects ϫ 2). Subitizing does not seem to rely on a separate dedicated neural mechanism that is not also involved in counting. In contrast, the results reveal a pattern of activation in bilateral middle occipital and parietal areas (see Table  2 and Fig. 3) , where intensity and spatial extent is modulated by the number of dots and their spatial arrangement. Activation increases as the number of items on the visual array increases, reaching a maximum peak and extent when counting 6 -9 randomly arranged items is required. This modulation mirrors behavioral data, in that RTs are higher for quantifying arrays of 6 -9 than for 1-4 dots, and within the 6 -9 range, they are higher for counting randomly arranged than canonically arranged dots. 2. In relation to pattern recognition strategy in the quantification tasks, we found that areas linked with object recognition in the bilateral occipitotemporal cortex were activated for quantification irrespective of arrangement, and we did not find any effect specific to canonical spatial arrangement. It therefore appears likely that pattern recognition was evoked by all conditions, but when the configuration was not canonical (i.e., for random 6 -9), there was additional contribution from the right superior parietal lobe.
In summary, this experiment identifies a network of areas comprising extrastriate middle occipital and posterior intraparietal areas that is more active for counting than for subitizing and also for subitizing than for the baseline (see Table 1 ).
The middle occipital areas are extrastriate visual areas that have been linked to object recognition even when visual input is controlled (Grill-Spector et al., 1998; Moore and Price, 1999) . Activation in the middle occipital regions during quantification, even when no Note. Regions that show increased activation as the number of dots increases during quantification, irrespective of spatial arrangement scores (6 -9 Ͼ 1-4, common to random and canonical arrangement). In bold type, Z scores corrected for multiple comparisons, at P Ͻ 0.05, and related regions. Note.
Regions that show increased activation that is characteristic for quantification of 6 -9 randomly arranged dots (counting), with respect to 6 -9 canonically arranged dots, and to all other conditions. In bold type, Z scores corrected for multiple comparisons, at P Ͻ 0.05, and related regions.
a Numerosity ϫ Arrangement interaction.
recognizable shape was present (in the counting random configuration condition), suggests that subjects may have tried in all conditions to deconstruct the array into patterns in order to count by groups. Previous studies have shown that subjects deploy this grouping strategy for counting, when they can (Atkinson et al., 1976; Mandler and Shebo, 1982; van Oeffelen and Vos, 1983) . Our dots were not controlled for spatial proximity, in that some were closer than others (see one example in Fig. 2) , and proximity is a very well known grouping principle. In fact it has been shown that subjects, when facilitated by grouping cues like spatial proximity, always adopt the strategy of counting by adding subclusters of dots (Atkinson et al. 1976b; van Oeffelen and Vos, 1983) . Therefore, subjects are very likely to have applied this strategy in our study. In other words, when quantification was required, there was a top-down attentional effect on the visual input in order to perform sequential grouping.
Other studies have also associated activation in middle occipital gyri with top-down attentional modulation of visual processing (Mangun et al., 1998) . For example, these areas are active in tasks that required covert and overt shifts of visual attention in response to a cue, compared with detecting the cue (LaBar et al., 1999; Luck et al., 1997) , quantifying sets of five or more targets among distractors, compared with sets with four or fewer targets, and quantifying sets of four or fewer targets among distractors compared with simply detecting a target (Sathian et al., 1999) . In the two latter cases, from the paper by Sathian et al. discussed earlier, the activation in middle occipital areas was tentatively attributed to a form-discrimination process and linked to the fact that subjects had to select and count vertical among horizontal bars. However, this interpretation does not hold for our study, because no particular form discrimination was necessary in order to isolate the objects to be counted. The intraparietal areas have previously been associated with number processing, and their role in the circuit controlling finger movements has suggested an intimate involvement with counting (Butterworth, 1999) . Supported by experimental and clinical evidence, Dehaene and colleagues have proposed a neuroanatomical model of number representation: this model implies that areas within the intraparietal sulci bilaterally are the "cerebral localisation of a categoryspecific internal representation of numbers" (Chochon et al., 1999, page 625) , that is involved in calculation, as well as in quantification operations, and in comparison of numerical magnitudes (Dehaene and Changeux, 1993; Dehaene et al., 1998) . Furthermore, the model proposed that right and left inferior parietal areas give differential contributions to number processing: the right hemisphere supports the analogue representation of numerical quantities (as, for example, in estimation processes), while the left parietal region connects the quantity representation with the linguistic code. Our study is consistent with this hypothesis because we show that left-lateralized parietal activation is modulated by numerosity and is not involved in subitizing 1-4 dots (Table 1) . In other words, the left parietal area may relate to the internal subvocalization of the verbal number sequence or some other kind of linguistic sequences, such as sequential additions of small numbers, as would occur when counting by groups (van Oeffelen and Vos, 1983; Logie and Baddeley, 1987) . In contrast, the right-lateralized parietal activation, which is present for subitizing but most extensive for counting randomly arranged dots, could reflect the access to domain specific representation of quantities and numbers (Chochon et al., 1999) . Nevertheless, even if this account of parietal activation in our quantification task is interesting, it is not the only possible, and not even the most plausible, explanation of our data. In fact, parietal cortices play a well-known role in visuospatial operations such as shifting attention in space and visuospatial working memory, and this account would very well fit with behavioral data that show that counting, more than subitizing, requires ocular movements to locate and mark objects (or groups of objects) in space (Atkinson et al., 1976a,b; Klahr and Wallace, 1976) . Data from lesion studies (see De Renzi, 1982 , for a review), and from functional imaging studies, indicate that the superior parietal cortex, especially in the right hemisphere, is often engaged in tasks that require shifts of spatial attention, with and without eye movement (Anderson et al., 1994; Nobre et al., 2000; Corbetta et al., 1993 Corbetta et al., , 1998 Ashbridge et al., 1997) , and visuospatial working memory (Carlson, 1998; LaBar et al., 1999; Mecklinger et al., 2000) . These data support the involvement of shifts of attention among objects to locate them in space and visuospatial WM to keep track of already counted objects during counting, but to a lesser extent subitizing and pattern recognition for 6 -9 canonically arranged dots, as implied by behavioral studies of enumeration Pylyshyn, 1993, 1994; Simon and Vaishnavi, 1996) . The neuroimaging study of counting and subitizing processes by Sathian et al. (1999) also found activation in this same right parietal region for counting with respect to subitizing, but not for subitizing with respect to single target detection. This pattern of data was interpreted as supporting the idea that subitizing is based on a preattentive process that does not involve attentional shifts, while counting is a serial process that does involve attentional shifts. In contrast, in the present study, activation could be detected in parietal areas even for subitizing relative to the baseline condition. There are two possible explanations for this incongruency between the two studies:
1. The threshold applied to the statistics: ours was lower, and it might have allowed us to detect smaller activations; or 2. The nature of the baselines: in our study subjects did not have to deploy any spatial attention during the baseline task, since they only had to look at a single dot, while in the Sathian et al. experiment, subjects had to search for a single target in an array of distractors, and therefore the attentional requirement was much higher than in our case. This might have cancelled out the small supplementary activation in parietal areas for the subitizing range in their study. Moreover, neither our study nor that of Sathian et al. measured ocular movements. It is highly possible that in unlimited (as in Sathian et al.) or limited but long (as in the present study) stimulus presentation, the amount of eye movement differed between the subitizing and the counting condition, and this could well account for the higher parietal activation in counting than in subitizing.
What seems quite clear from our data is that subitizing does not rely on a dedicated circuit that is not involved in counting. In contrast, both extrastriate and parietal areas get recruited along a continuum in relation to the numerosity and the spatial arrangement of the array. These data (i) suggest that subitizing and counting are not dissociable at the neural level, being implemented in a network where recruitment is modulated by the number of objects, and (ii) present complementary evidence to behavioral and neuropsychological evidence on the subitizing-counting issue. Interpreting subitizing and counting as lying on a continuum may appear to conflict with the behavioral data that show a dramatic increase in RTs between subitizing (1-4 dots) and counting (6 -9 randomly arranged dots). However, we believe that our behavioral result is exaggerated (especially for the very small slope in the subitizing range) due to the block presentation that we were forced to use by the PET design. In fact, when numerosity 1-4 and 6 -9 are presented as mixed trials, RTs are not always so dramatically dichotomically distributed, even if the difference in slopes for subitizing and counting seems to be present (Oyama et al., 1981; Frick, 1987; Pylyshyn, 1993, 1994; Dehaene and Cohen, 1994; Simon and Vaishnavi, 1996) . However, there is still no definitive account of behavioral data from enumeration experiments, and the debate on how to interpret the apparent dichotomy in RT distribution remains open.
It is possible that operations like attentional shifts, eye movements, and online maintenance of visuospatial information, that are supported by the same occipitoparietal networks (or by separate subregions that are not dissociable with the present imaging techniques), are all engaged, in different proportions and intensities, in subitizing, counting, and pattern recognition. Clearly more work is needed to investigate the precise relation between activation and increasing numerosity, but this can only be addressed with an eventrelated design in fMRI.
CONCLUSION
The aim of this study was to characterize subitizing and counting at a neural level in order to investigate whether they are implemented as separate or functionally overlapping processes. Our data suggest that no brain area is specific for subitizing or counting. In contrast, results reveal a pattern of activation in bilateral middle occipital and parietal areas for both quantification tasks (subitizing and counting) and that this activation increases as the number of items in the visual array increases, reaching maximum peak and extent when counting 6 -9 randomly arranged items   FIG. 3 . Counting and the quantification system. In red, the occipitoparietal circuit activated during quantification tasks for all numerosities relative to baseline. In green, areas of increased activation specific for counting (6 -9 randomly arranged dots). In yellow, the overlap.
(i.e., not facilitated by canonical configuration) is required. In relation to pattern recognition, we found that areas linked with object recognition in the bilateral occipitotemporal cortex were activated for quantification irrespective of arrangement, and we did not find any effect specific to canonical spatial arrangement. It therefore appears likely that some form of pattern recognition was evoked by all conditions. Overall, these results do not confirm the existence of a dedicated neural system for subitizing that is not involved in counting. The previous hypothesis that subitizing and counting are two qualitatively different mechanisms based on two separate networks does not receive confirmation from the present study.
